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FOREWORD

This work was part of the electromagnetic ptLse (EMP) vulnerability
~assessment of the AN/TRC-145 radio terminal set, conducted under theMultiple Systems Evaluation Program at the Harry Diamond Laboratories

(HDL). The device damage characterization contributed to the vulner-
ability study of the AN/TRC-145 in two ways: (1) it provided electrical
characteristics of critical devices in system critical circuits, so that
these devices could be modeled in the DAMTRAC circuit-analysis code, and
(2) it provided a failure criterion of the device types, so that system
vulnerability could be determined.

The device testing from which this damage characterization resulted
was performed by Asa Williams, whose effectiveness and dedication made

it possible to provide this information in a fraction of the time pre-
viously expended on a comparable task. Mr. Williams, together with
Loren Dillingham, also provided the computer calculations of the damage
constants. Charles Ruzik calculated the device damage constants based
on the junction caoacitance model.

Device damage testing and associated data reduction for the system
study were begun in September 1974 and completed in November 1975. In
condensed form, the device damage characterizations are contained in

George Gornak et al, EMP Assessment for Army Tactical Communications
Systems: Transmission Systems Series No. 1, Radio Terminal Set AN/TRC-
145 (U), HDL-TR-1746, February 1976 (SECRET RESTRICTED DATA). However,
because of the continuing effort to improve present methods of
predicting failure of semiconductor devices in circuits, a more exten-
sive discussion and an analysis of the device responses observed in
damage testing are provided here and made accessible, in an unclassified
document, to a wider audience. The manuscript for this report was
completed in October 1977.

The author would like to thank the technical reviewers of this
report, especially for suggestions concerning the presentation of data.
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l. INTRODUCTION

For very short periods of time, such as the duration of an electro-
magnetic pulse (EMP) induced signal, electronic network components can
withstand voltage and current levels and can safely dissipate powers
that are significantly larger than the ratings for voltage, current, and
power for continuous operation. In nuclear weapons effects analyses, it
is important to know exactly what transient signal level a component can
withstand without degradation in performance. Unfortunately, there is
no obvious relationship between those transient threshold signals that

cause a component to fail and the design of the component (for instance,
as reflected in the ratings and characteristics provided by

manufacturers for circuit design purposes).

To obtain information on the threshold signal for failure, compo-
nents are stepstressed with voltage pulses. This method, which was used
in the work reported here, is extensively described in the
literature.1  Efforts have been made also to predict the damage

thresholds of semiconductor junction devices (considered to be the
circuit components most susceptible to failure from electrical

transients) on the basis of theoretical failure models. 2'3  In these
theories, plausible assumptions were made about the failure mechanism
(heating of the semiconductor material to a certain temperature) and
formulated analytically. As a result, these thermal models suggest a
defined pulse power for failure which depends on pulse width and certain
device characteristics such as junction area 2 or the volume of a defect
region; 3 however, these characteristics of a device are not directly
measurable. Subsequently, a link was recognized between the junction
area and device characteristics which are obtainable from nondestructive
terminal measurements and which may even be provided by the device
manufacturer (such as junction capacitance). This link, then, led to
expressions of the pulse power for failure in terms of these character-
istics.

4 ,5

1B. Kalab, Analysis of Failure of Electronic Circuits from EMP-

Induced Signals--Review and Contribution, Harry Diamond Laboratories,
HDL-TR-1615 (August 1973).

2 D. C. Wunsch and R. R. Bell, Determination of Threshold Failure

Levels of Semiconductor Diodes and Transistors Due to Pulse Voltages,

IEEE Trans. Nucl. Sci., NS-15 (December 1968), 244-259.
3D. M. Tasca, Pulsed Power Failure Modes in Semiconductors, IEEE

Trans. Nucl. Sci., .NS-17 (December 1968), 364-372.
4D. C. Wunsch, R. L. Cline, and G. R. Case, Theoretical Estimates of

Failure Levels of Selected Semiconductor Diodes and Transistors,

Braddock, Dunn and McDonald, Inc., for Air Force Special Weapons Center,

BDM/A-42-69-R (December 1969).
5 DNA EMP (Electromagnetic Pulse) Handbook, Defense Nuclear Agene:y

2114H-2 (September 1975).
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This way of finding the power for failure has been available since
1969, but it is not extensively used in weapons effects analyses. To
meet the requirement for system survivability without excessive and
therefore costly hardening, we should know component damage levels with
a degree of accuracy that is not achievable with this method, as compar-
isons with experimental results show. (However, in preliminary
screening, where accuracy requirements can be relaxed, device damage
information based on this method may be sufficient.) Besides predicting
the power for failure with only modest accuracy, the thermal failure
models do not furnish the device impedance near the failure level, which
is also essential to circuit failure analysis. Damage testing readily
discloses this impedance. However, experiments have shown 6 that device

damage testing as it is done now (that is, stepstressing with either
forward- or reverse-biasing pulses) does not furnish a complete
characterization of the susceptibility of a device to damage from E4P-
induced transients. These experiments also revealed previously

unsuspected basic limitations of the range of applicability of the
thermal failure models. Still, stepstressing with unipolar pulses is
the state-of-the-art technique for obtaining component damage character-
izations in most systems studies presently conducted.

Theoretical as well as experimental development work continues 7 - 9 ' *
whose goals are to clarify the failure mechanisms in semiconductor
devices and to identify the device parameters or the experimental proce-
dures that can lead to a complete quantitative description of the pulse
hardness of a device. To such efforts, detailed information on device
responses observed in damage testing should be useful and is therefore
provided in this report.

During the testing effort reported here, device responses were
observed which are difficult to interpret in terms of the thermal
failure model. A further purpose of this report is to discuss these
responses, as they will be a subject of continued research at the Harry
Diamond Laboratories (HDL) and may also be of interest to the
community. Nevertheless, in support of present systems analyses, the
results of this testing effort are also reported in conventional terms;
that is, all. failure thresholds are least-square fitted to the
functional relationships between power for failure and pulse width as

*8. Kalab, Second Breakdown and Damage in 1N4148 from Oscillating
Electrical Transients, IEEE Trans. Nucl. Sci., NS-22 (August 1975),
2006-2009.

7R. H. Dickhaut, Electromagnetic Pulse Damage to Bipolar Devices,
IEEE Circuits and Systems, 10 (April 1976), 8-21.

8 A. L. Ward, An Electro-thermal model of Second Breakdown, IVEE
Trans. Nucl. Sci., NS-23 (December 1976), 1679-1684.

9 A. L. Ward, Studies of Second Breakdown in Silicon Diodes, IEEE
Trans. Parts, Hybrids, and Packaqing, PIIP-]3 (December 1977), 361-368.

*A. Mathews, U.S. Army Missile WrmmaPd, Redstone Arsenal, A,, privite

communication.



they result from the thermal failure model, and "damage constants" are
derived from these regression analyses. In these terms, device damage
characteristics are being collected in data bases.'0''1  The device
damage information reported here (especially the tables of app A) may
also augment the data base from which engineering models of device pulse
damage are being developed.12 These engineering models are mathematical
expressions (resulting from regression analyses of experimental damage
data) of the power or current for failure and the device impedance in
terms of pulse width and general electrical device parameters. An
advantage of this kind of modeling is that the regression equations can
be developed independent of any conjecture about the failure mechanism.

Section 2 explains how the damage characteristics were obtained,
reduced, and operated on (such as by regression analysis). Section 3
discusses anomalous device responses which are consiiered significant
enough to warrant further investigation. Section 4 describes the
AN/TRC-145 devices selected for damage testing, summarizes the damage
test results, and compares experimental failure powers (or damage
constants) with failure powers (or damage constants) predicted by theo-
retical models (tables 6 and 7). Appendix A gives the detailed test
results (such as powers for failure and impedance at the failure level
of the individual test specimens) and the plots of failare power versus
pulse width.

2. TEST PROCEDURE AND DEVICE CHARACTERIZATION

2.1 Background and Definitions

Damage testing by stepstressing is the state-of-the-art proce-
dure for obtaining information on the pulse-handling cdpability of
semiconductor junction devices. This method was used for the damaqe
characterization of the AN/TFC-145 devices reported here. The procedure
consists of applying a series of voltage pulses of a certain waveform to
the device terminals and increasing the voltage from pulse to pulse by a
certain amount. The pulses are produced by a, high-power pulse generator
with single-shot capability. At each pulse application, the oscillo-
scope traces of both the voltage across the device and the current
through the device are recorded. Before the first pulse is applied,

10J. L. Qgoke et al, Users Manual for 6UPERSAP2, Boeing Aerospace (b.,
Secttle, WA, and'-BDM Cbrp., Air Force Weapons Laboratory, AFWL-TR-75-70
(March 1976).

11T. V. Noon, Implementation of the Device Data Bank on the HDL IBM
Computer, Harry Diamond Laboratories, IIDL-TR-1819 (October 1977).

12 D. M. Tasca and S. J. Stokes, III, EMP Response and Damage Modeling
of Diodes, Junction Field Effect Transistor Damage Testing and
Semiconductor Device Failure Analysis, General Electric (b., for Harry
Diamond Laboratories, HDL-CR-76-090-1 (April 1976).
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certain electrical characteristics of the test specimen are measured;
these are remeasured after each pulse of the series to detect degrada-

tion. It is then possible to relate the characteristics of the applied

pulse to the degree of device degradation which results. According to
the thermal failure model, only the duration and the average power of
the applied pulse are of interest, but, in principle, other pulse
characteristics (such as peak values of voltage or current) also may be
considered. This method and related questions are discussed in more

detail by Ka . 1

Where the assumptions of the thermal failure model apply, the
waveform of the pulses used in damage testing should not be critical.
For thermal systems such as are assumed in the thermal failure model of
junction devices, the temperature rise due to heat production at an
arbitrary rate (complex waveform), P(t), can be expressed as the super-
position integral of P(t) and the temperature rise of the system due to
heat production at a constant rate (the step or square-pulse response of
the system). This principle (Duhamel's theorem) can be applied to
predicting the power for failure of a junction device from, say, a
triangular pulse, on the basis of the-measured power for failure from a
square pulse of the same duration.

An application of this principle (using 1N4148 diodes) showed 1 3

that the failure powers for these widely differing waveforms (in either
forward or reverse biasing of the junction) differ by about a factor of
two over a wide range of pulse widths. This difference was found to be
in fair agreement with measurements of the failure power (of the IN4148)
from triangular pulses. 1 3 Such a variation of the failure power due to
differing umipolar waveforms is much smaller than the variations usually
observed in damage testing of a sample of devices with the same waveform
(square pulse) and pulse width and attributed to physical differences
between the specimens of the sample. Therefore, we can ignore the
effect that the waveform of a unipolar pulse has on the mean power for
failure or for second breakdown of a sample of devices. However, in
spite of this result, we should not lightly dismiss the question of what
pulse waveform is to be used in damage testing to insure that the
resulting device damage characterization is relevant to EMP effects
analyses. The thermal failure model is, after all, only a conjecturei
as will be discussed, significant waveform effects, unpredicted by this
model, have been observed in diodes subjected to an oscillating
electrical transient.

1B. Kalab, Analysis of Failure of Electronic Circuits from EMP-
Induced Signals--Review and QWntribution, Harry Diamond Laboratories,
HDL-TR-1615, (August 1973).

13D. M. Tasca et al, Theoretical and Experimental Studies of
Semiconductor Device Degiadation Due to High Power Electrical
Transients, General Electric 0b., 73SD4289 (December 1973).

10



It is widely recognized now 5 that many types of discrete semi-
conductor junction devices do not obey the thermal model. More
severely, it has yet to be demonstrated that there are indeed devices
whose mechanism for failure or second breakdown from short-duration,
reverse-biasing electrical transients is as postulated by this model.
The thermal failure model was considered proven, and its applicability
to predicting failure or second breakdown in a junction device
established, when damage testing with reverse-biasing square pulses
showed that the power for failure or second breakdown, P, varied with
pulse width, t, over some range of t (see sect. 2.2.4) according
to P . kt - 1/2. This is the relationship between P Fad t which follows
from the thermal failure model for this excitation. However, in all the
damage testing done to date, such a dependence of P on t rarely emerged
unambiguously. Wunsch and Marzitelli,11  Singletary et al, 15 and many
others, as well as the data in this report, give examples of what is
generally observed in damage testing. The best that can be said is that
the power for failure or second breakdown of most of the devices tested
to date may or may not vary according to P = kt - 1/2 (the exponent of t
is not at all critical in this context). The reasons commonly given for
a lack of agreement with P = kt-1/2 are small sample size and a
considerable variation of failure power between the individual specimens
of a sample (which, in turn, is attributed to manufacturing inhomo-
geneities of one kind or another). Indeed, these factors can contribute
to a generally poor conformance of experimental failure powers
to P = kt- 1?2, but they are not necessarily the only reasons for such
discrepancies. (Besides, the variation of junction area in a population
of planar devices of a given design can only be very small.)

However, even if damage testing of any device type with
unipolar square pulses showed a close dependence according to
P = kt- I/2, this would not prove the validity of the thermal failure
model for that device. A very small number of device types have been
damage tested with reverse-biasing square pulses under conditions (as
regards sample size, uniformity of devices, and other factors) that were
more rigorous than usually observed in routine damage testing. In one
of these types, the 1N4148, the pre-second-breakdown power varied over a

5DNA EMP (Electromagnetic Pulse) Handbook, Defense Nuclear Agency
2114H-2 (September 1975).

1 4 D. C. Wunsch and L. Marzitelli, BDM Final Report, 1, Semiconductor
and Nonsemiconductor Damage Study, Braddock, Dunn and McDonald, Inc.,
for U.S. Army Mobility Equipment Research and Development Center, BDM-
375-69-F-0168 (April 1969).

15j. B. Singletary, W. 0. Collier, and J. A. Myers, Experimental
Threshold Failure Levels of Selected Diodes and Transistors, II,
Braddock, Dunn and McDonald, Inc. for Air Force Weapons Laboratory,
AFWL-TR-73-)19 (July 1973).
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certain range of t very closely 16 according to P = kt- /2, and this
diode is considered an excellent example 12 of a device whose tailure
mechanism is as postulated in the thermal failure model. Yet, when this
device had been subjected to a full-cycle square pulse, providing a
forward bias before the reverse-biasing half cycle, the device response
was very different from %.nat the thermal failure model would predict for
this excitation.6'17  (The appiication of Duhamel's theorem to this
excitation fails completely to yield the observed response.) In other
words, a variation of the power for failure from square-pulse excitation
according to P = kt - 1/2 is only one of several aspects of a device
response predicte4 by the thermal failure model, and all these aspects,
not just P = ke" / 2, must be observable if th. model applies.

Furthermore, there are reports 1 8' 19 on significant variations
of the pre-tecond-breakdown power of certain types of junction devices
with the rise time of the excitation; on the basis of the thermal
failure model, pulse rise time should not be critical. Other
"anomalous" responses (relative to the predictions of the thermal
failure model) of diodes and transistor junctions of low breakdown
voltage are discussed in section 3. The manner in which details of the
transient excitation affect second breakdown and reverse failure in
junction devices is far from understood.

For practical reasons (ease of generation, measurement of pulse
duration, and data reduction), square pulses of voltage have come to be
used in routine damage testing. Efforts are usually made (such as

6B. Kalab, Second Breakdown and Damage in 1N4148 from Oscillating

Electrical Transients, IEEE Trans. Nucl. Sci., NS-22 (August 1975),

2006-2009.
12 D. M. Tasca and S. J. Stokes, III, EMP Response and Damage Modeling

of Diodes, Junction Field Effect Transistor Damage Testing and
Semiconductor Device Failure Analysis, General Electric (b., for Harry
Diamond Laboratories, HDL-CR-76-090-1 (April 1976).

16 D. M. Tasca and J. C. Peden, Feasibility Study of Developing a
Nondestructive Screening Procedure for Thermal Second Breakdown, General
Electric Co. (July 1971).

17 B. Kalab, On the Necossary and Sufficient Cnnditions (Thresholds)
for Damage of Semiconductor Junctions from Electrical Transients, Proc.
Joint EMP Technical Meeting, First Annual Nuclear EMP Meeting,
Albuquerque, NM, V, Hardening Technology (September 1973), 249-260.

1 8 K. HLbner et al, Uniform Turn-on in Four-Layer Diodes, IEEE Trans.
Electron Devices, ED-8 (November 1964), 1372-1373.

19T. Agatsuma et al, An Aspect of Second Breakdown in Transistors,
Proc. IEEE (WUrrespondence), 52 (November 1961), 461-464.
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through current limitation by a series resistor) to prevent large varia-
tions of current during the pulse. It is then possible to determine the
pulse power averaged over pulse width, with acceptable accuracy, from

the average values of voltage and current; these, in turn, can be found
by transformation of the area under the curve into rectangles. In
addition, if the pulse shape is nearly rectangular, this area trans-
formation can often be estimated with acceptable accuracy, usually with
the aid of a mechanical device such as a caliper. (Before the intro-
duction of digital techniques in 1971,1 all device damage data taken in

the wider EMP community were reduced in this manner.) In practice, the
varying impedance exibited by the specimen during pulsing is a major
limitation to achieving square pulses of both voltage and current at
longer pulse widths (1 to 10 us). At pulse widths below about 0.2 lis,
the device waveforms deviate even more from a square pulse, because of
the rather large rise and fall times of the output of typical hard-tube
pulsers.

The thermal failure model suggests that the threshold for

failure from electrical pulses should be expressed in terms of pulse
power. This is acceptable, irrespective of any failure model, if

increasing degradation of an electrical device characteristic requires

the application of pulses of increasing average power. In forward

stepstressing of semiconductor junctions, such a relationship is indeed

generally observed (at constant pulse width).

It is necessary to arbitrarily define the degree of degradation

to be called failure. Then the threshold power for failure can be said

to lie between the powers of two consecutive pulses, one causing

degradation before the point of failure (or no degradation at all) and

the other causing degradation beyond the point of failure. The

arithmetic mean of the two pulse powers is usually taken to be the
threshold for failure, although a more elaborate method of interpolation

can be considered. If a pulse degrades a device exactly to the point of

failure, the power of that pulse is equal to the failure threshold.

These definitions also tell how the failure threshold can be determined

practically. The error associateA with the threshold power for failure

depends largely on the increase in pulse power from one pulse to the

next (step size).

Although the threshold power for failure depends on how failure

is defined, in most situations this dependence is of little practical

concern. When the point of beginning degradation is reached, most

junctions tested required only a small increase in pulse power for

degradation beyond the point of failure, no matter how it was defined

(within a reasonable range). However, exceptions have been observed.

1B. Kalab, Analysis of Failur-± of Electronic Circuits from EMP-

Induced Signals--Review and Contribution, Harry Diamond Laboratories,
HDL-TR-1615 (August 1973).
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In routine damage testing of devices, in either forward or reverse bias,
it has been observed that the current gain of a few types of devices,
mostly of germanium, begins to be affected at a pulse power substan-
tially lower (up to two orders of magnitude) than the power that caused
failure by the commonly used definition. Such an initial effect on the
current gain is usually slight and -my even be an increase of hFE We

cannot rule out the possibility that this effect on the current gain is
associated with a much larger change (deterioration) in other electrical
characteristics that are not measured in routine damage testing, such as
the noise performance of microwave devices. Therefore, when defining
failure and determining the threshold power for pulse failure, we should
take into account the specific function of a device in a system.

In reverse pulsing of junctions, second breakdown may or may
not occur before junction failure. Low-voltage zener diodes rarely
exhibit second breakdown, and a threshold for reverse failure for
devices like these can be defined as previously for forward pulsing. If
second breakdown occurs, the definition of a threshold for failure in
terms of pulse power can encounter a conceptual difficulty. 17 (Briefly,
it can happen that the power of a pulse that does not trigger second
breakdown and does not degrade a specimen is higher than that of a
subsequent pulse that does cause second breakdown and degradation; it
does not appear that cumulative effects are involved.) 7b avoid such a
difficulty, and also for easier data reduction, the following rule
appears to have been widely adopted.

20'21

When, before device failure, second breakdown
occurs for the first time during stepstressing, the
averaged pre-second-breakdown power is taken to be
the failure threshold at a pulse width equal to the
delay time. This holds regardless of whether or
not the device is degraded after application of the
pulse that caused second breakdown and regardless
of whether or not multiple breakdown occurs. (For
a review of multiple breakdown in single junctions,
see Kalab,' p 53.)

TB. Kalab, Analysis of Failure of Electronic Circuits from EMP-
Induced Signals--Review and Contribution, Harry Diamond Laboratories,
HDL-TR-1615 (August 1973).
17B. Kalab, On the Necessary and Sufficient Conditions (Thresholds)

for Damage of Semiconductor Junctions from Electrical Transients, Proc.
Joint EMP Technical Meeting, First Annual Nuclear EMP Meeting,
Albuquerque, NM, V, Hardening Technology (September 1973), 249-260.

2 0 L. W. Ricketts, J. E. Bridges, and J. Miletta, EMP Radiation and
Protective Techniques, John Wiley & Sons, Inc., New York (1976).

2 1j. R. Miletta, Component Damage from Electromagnetic Pulse (EMP)
Induced Transients, Harry Diamond Laboratories, HDL-TM-77-22 (November
1977).
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This rule is based on the assumption that, as soon as a junction enters
second breakdown, any additional energy that may be required to cause
failure will be small compared to the pre-second-breakdown
energy.20'2 1  Many observations made in routine damage testing of
devices support this assumption. However, damage testing of quite
common devices (low-voltage, bipolar transistors) at short pulse widths
has shown that this rule can lead to a value of the damage threshold
that is up to an order of magnitude smaller than the pulse power neces-
sary and sufficient for device failure. Situations of this kind were
observed in the present testing effort (sect. 3).

Besides a measure (such as pulse power) of the condition for
failure, a circuit model of a semiconductor device is needed for
carrying out a circuit failure analysis. This circuit model must ne
able to represent the device especially for excitations approaching the
threshold signals for damage. An important element of such a circuit
model will be the resistance of the device where electrical energy is
converted to heat. In present circuit models,2 2 this resistance appears

in the form of the so-called surge impedance, which is derived from the
impedance that the device exhibits when pulsed with the threshold pulse
for failure or second breakdown. The device impedance is the quotient
of average voltage across the device over average current through the
device; the averages are taken either over the entire pulse width or
over the time to failure or second breakdown, whenever such a time can
be identified. When the threshold of device failure must be determined
from two consecutive pulses, the device voltage, current, and impedance
(as well as power) at the threshold for failure are usually taken to be
the arithmetic means of the respective magnitudes of the consecutive
pulses. As for pulse power as the sole criterion for device failure,
the device impedance (or the surge impedance derived from it) is only a
first approximation of a device circuit model for EMP analysis. The
applicability of this device damage characterzation (by threshold power
for failure and surge impedance) is a separate topic in itself.

2.2 Procedure

2.2.1 General

The damage characterizations (power for failure versus pulse
width, device impedance) of the AN/TRC-145 semiconductor devices were
obtained by stepstressing with unipolar pulses. A hard-tube pulser

2 0L. W. Ricketts, J. E. Bridges, and J. Miletta, EMP Radiation and

Protective Techniques, John Wiley & Sons, Inc., New York (1976).
2 1 j. R. Miletta, Component Damage from Electromagnetic Pulse (EMP)

Induced Transients, Harry Diamond Laboratories, HDL-TM-77-22 (November
1977).

22G. H. Baker et al, Damage Analysis Modified TRAC omputer Program
(DAMTRAC), Harry Diamond Laboratories, HDL-TM-75-6 (May 1975).
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